ABSTRACT Heterogeneous networks (HetNets) that incorporate small cells save energy effectively because the small cells have lower transmission and operational power consumptions. However, the performance of HetNets depends heavily on reducing the interference. In this paper, we investigated interference cancellation (IC) with the aim of developing a decorrelating receiver. We focused on millimeter wave small cells systems in which multiuser multiple-input multiple-output transmission was utilized. We began by suppressing the interference in the multiple antennas mode by means of well-known zero-forcing and a minimum mean square error algorithm. Then, we investigated more active IC. To further reduce the impact of interference in HetNets, we developed a hybrid HetNets paradigm. Finally, we used simulations to achieve performance evaluation and comprehensive comparative analysis. Extensive numerical results verified the effectiveness of the proposed schemes. This research provides an efficient solution for suppressing multiple access interference and improving the throughput in hybrid HetNets.
I. INTRODUCTION
The expected rapid growth of mobile data traffic in the proposed next-generation (5G) mobile broadband networks will lead to many challenges for system engineers and service providers. Multiple-input multiple-output (MIMO) systems with multiple antennas at both the transmitter and receiver can increase the capacity of wireless channels significantly without requiring additional power and bandwidth. One such multi-antenna transmission system, referred to as multiuser multiple-input multiple-output (MU-MIMO), uses several transmitting antennas at the evolved-node base station (eNB) to serve multiple user equipment devices (UEs) simultaneously within a single time-frequency resource. However, existing macro-cell networks are not available to achieve the 1000-fold capacity demand in 2020 [1] - [3] . Another approach is needed to address growing consumer data demands and tackle the predicted exponential increase in traffic volume. A better solution for averting a future global bandwidth shortage would be to use the large contiguous spectrum found in the millimeter wave (MMwave) bands [4] - [6] . MMWave is a major candidate technology for future 5G networks. The propagation losses in the MMwave band are higher compared to losses at the lower microwave frequencies used currently for mobile communication. At the same time, statistics show that a significant and yet increasing portion of voice and data traffic happens at hotspots and indoors, where propagation, mobility, and interference profiles differ substantially from traditional macro networks. Therefore, deployment of large numbers of small cells is now seen as a very attractive potential solution, especially for nonuniform traffic distribution [7] , [8] .
Small cells permit faster position update rates than macrocells, but suffer from multiple access interference (MAI) effects, leading to higher system errors. To achieve the multiplexing gains of spatial selectivity, space division multiple access (SDMA) is used with the antenna arrays, thereby increasing the system throughput. By using linear beamforming, antenna arrays can transmit the signals on the same carrier frequency. For application to multiuser detection (MUD), linear detectors were introduced by TABLE 1 Psaromiligkos et al. [9] and Yeh and Barry [10] . This approach was extended for application to receive beamforming [11] , [12] , which is capable of outperforming MMSE beamforming significantly. In [13] , an algorithm was presented for detecting users in a multiple-antenna system that applied minimum bit error rate beamforming with interference cancellation (IC) at the base station (BS) side to enhance the capacity.
MIMO technology provides multiple independent transmission channels that can increase system throughput to meet 5G standards. Currently, this concept is supported by a number of researchers from universities and industry [14] - [16] . In MIMO systems [14] , each antenna of the MIMO is replaced by a smart antenna array. The inner product correlation matrix is handled by using successive IC based on a modified mean square error detection scenario. In [15] , the performance evaluation of the isolated millimeter-wave (mmWave) small cell is introduced. The comparison of spectral efficiency and the interference mitigation techniques are applied in order to improve the system performance. Detailed system level performance analysis of MU-MIMO mode in the MMWave small cells environment is introduced [16] . The paper introduces partially adaptive arrays with reduced number of degrees of freedom which employing recently proposed quasi-deterministic (Q-D) model for MMWave channels. The performance of downlink multi-user multiple input multiple output (MU-MIMO) transceiver architectures in [17] , which implement regularized channel inversion minimum mean squared error (RI-MMSE) at transmitter and IC MMSE MIMO detector at receiver.
An IC precoding method for multiuser MIMO downlink systems is proposed in [18] . Existing research has investigated the combination of MU-MIMO and small-cell technology, but the challenges described above have yet to be fully addressed [19] . For a communication system, the achievable bit error rate (BER) is of crucial concern.
In this paper, we present a design for an improved algorithm with IC that can improve the accuracy of multiuser detection and reduce MAI efficiently. First, we proposed a decorrelation operation in the multiuser multiple antennas system by applying zero-forcing (ZF) and the minimal mean square error (MMSE) matrix method. Then we used additional IC technology for the decorrelation output signal. A single user detector was also applied to each user, with the result that MAI was reduced significantly. For the sake of notational simplicity, the modulation scheme was assumed to be binary phase shift keying (BPSK), and the channel was assumed to be nondispersive with additive white Gaussian noise. The proposed method provides substantial improvement to the accuracy of multiuser detection, and leads to greatly reduced residual MAI.
The rest of this paper is organised as follows. In Section II, the systems description and signal model over multipath channel are described. An improved scheme with parallel IC is presented in Section III. In Section IV, the performance analysis is given. Simulation results are provided in Section V, and some conclusions are drawn in Section VI.
II. SYSTEM DESCRIPTION AND SIGNAL MODEL
In this section, we introduce our main system modelling assumptions, with a discussion of their suitability and relevance.
FIGURE 1. Small cells deployment scenarios for EU (blue) and JP (red).

A. SMALL CELLS DEPLOYMENT AND INTERFERENCE IMPACT EVALUATION
For this research, we performed simulations for two cases of deployment, namely isolated cell and dense deployment as in [19] . For the dense deployment in an MMwave small cells network, the mutual impact was evaluated for two deployment location scenarios: JP (Japanese) and EU (European), as shown in Fig. 1 . For the Japanese regulations, stronger emitted power was required, about 10 dBm. This technology was designed in unlicensed 60GHz band (57-64 GHz) and supports very large frequency bandwidth. Therefore, the deployment for the Japanese scenario was denser than for the European regulations. The results of the research demonstrated that the MMwave small cells network could provide additional throughput in both the Japanese and European JP and EU scenarios. We compared the two extreme cases of isolated cell and dense deployment, and concluded that the interference impact could produce degradation.
In this paper, we focused on the isolated cell scenario, i.e., the case in which the small cells are dropped so rarely that we could neglect the inter-cell interference. Consequently, we estimated only the trade-off between the inter-sector interference and frequency bandwidth provided per sector.
B. SYSTEM MODEL
Due to MMwave system requirement for extensive small cells coverage, arrays with a number of antenna elements should VOLUME 6, 2018 be used. Antenna arrays with some numbers of antenna elements allow a BS to realize spatial multiplexing, and thus serve a considerable number of users simultaneously in MU-MIMO mode. In the MMwave system, arrays with a number of antenna elements should be used for small cells coverage, so that spatial multiplexing could be realized [16] . The BS serves many users simultaneously in MU-MIMO mode, as shown in Fig. 2 . Consider a system model with multiple uplink antennas, where the system supports K users, and each user transmits a modulated signal with a one-dimensional M element linear array of Omni-directional antennas. It is assumed that K users transmit in the same carrier frequency in the far field region with a single antenna. At the base station, a uniform linear antenna array has M elements whose mutual distance is equal to half the wavelength of the carrier wave (d = λ/2).
The received signal at the array input is represented as follows:
where
T is the received signals vector of the antenna array, S i , 1 ≤ i ≤ K represents the i-th transmitted signal, and h i is the fading coefficient between the i-th user and the antenna array. The channels are flat Rayleigh fading channels, i.e., h i ∼ CN (0, 1), where y ∼ CN (µ, σ 2 ) means that y is a complex Gaussian distributed with mean µ and variance
is a complex Gaussian noise vector at the antenna array, and a i is the array steering vector of user i, which is defined as shown:
where θ i is the incidence angle of the i-th user signal. The output for a beamformer of the user k can be written as follows:
Denote the beamforming vector of the k-th user as
By stacking the received signals of all users into r = (r 1 , · · · , r K ) T , then r = Hs + zr = Hs + z,
C. MMWAVE HETNETS PARADIGM
Regulations allow for higher transmission power in the E-band compared to the V-band, i.e., the regulations allow a maximum transmit power of 0.5 W and 3 W for the V-band and E-band, respectively [20] . For our research, we created a hybrid MMwave based on a HetNets paradigm that enhances the bandwidth efficiency of MMwave systems while reducing interference, using the aforementioned characteristics of the V-band and E-band. The links between the macro-cell BSs and users can operate in the E-band, while the V-band can be used by small cells BSs [21] . Table 1 summarizes the framework for utilizing each or both bands in a hybrid HetNets configuration based on the network density and link signalto-noise ratio (SNR).
D. PATH LOSS MODEL AND POWER CONTROL
The path loss model is give as [22] , [23] .
where f is the frequency in Hz, n is the path loss exponent, d is the distance i, L S is the shadow fading term, and the L f (f , 1m)is free-space path loss.
where c is the speed of light. The received uplink signal, when averaged over time, is assumed to follow the dependence on the distance between the transmitter and the receiver in the form shown:
where E h [S] is the average received UL signal power (index h stands for averaging over the fading variations based on the exponentially distributed random variable with a unit mean); P tx is the transmit power, including the antenna gain; D is the distance from the UE to the serving base station; and α is the path-loss exponent. The transmit power of the UE P U follows the rules of the open-loop power control (OLPC) mechanism defined in [24] . Accordingly, the user establishes an operating point using the open-loop procedure, where compensates for the mean path-loss and its slow variations. Hence, the transmit power may be expressed as follows:
where L d corresponds to the distance dependent user pathloss; P 0 and η are the OLPC parameters.
III. PROPOSED SCHEME
The multi-user transmission in the MMwave system causes higher level interference even in a single sector of each cell. Therefore, interference mitigation schemes can improve the performance for the MU-MIMO system. The ZF and MMSE schemes are the optimal candidates to be used for cancelling multiuser interference in an MU-MIMO system [25] , [26] . In order to solve the issues that arise for multiuser antenna systems regarding MAI, we employed a zero forcing matrix decorrelation operation to the inner product correlation matrix about the correlation coefficients among the users, which are produced after conventional beamforming. In addition, hard decisions would be carried out. First, we used the IC technology for the decorrelation output signal. Subsequently, we applied the technology more than once for the preceding IC output signal. The system process is shown in Fig. 3 . According to this procedure, the weight vector w i of the beamforming scheme of a BS with n transmit antennas for the signal receiver for the i-th user is calculated by the following transformation of the initial eigenvector v i of the channel matrix:
where S is the set of users served by the current BS, T m is the covariance matrix of the interference for the m-th user transmitter, and I is an identity matrix of size n. For the known eigenvectors of the channel matrix H m (v m ) and SINRs (Signal Interference noise ratios) γ m , the covariance interference matrix can be calculated:
The weight vector w ij of the beamforming scheme of the j-th BS for the signals received from the i-th user is calculated as follows:
where N is the set of all users of the cluster, including users served by the j-thBS, and T kj is the covariance matrix of the interference for the k-th user transmitter (served by the j-th BS), which is created by the transmission from i-th user to the j-th BS. Considering the beamforming vector and the matrix of decorrelation by ZF is G ZF = H H H −1 H H , the output after de-correlation can be written as follows:
We do the decision to (10), repeat the above IC process and the MAI is removed effectively. The goal for MMSE detection is to minimize the mean square error E G MMSE r − s 2 .
H H r. (14)
A hard decision about the decorrelation output (8) is made byŝ. Next, we reconstruct the received interference user signals withŝ, and subtract them from the BS received signal.
IV. SIMULATION RESULTS
In our simulations, we assumed a system consisting of users who have the same incidence angle interval. The number of antennas was M, and we used a BPSK modulation signal. The simulations of intra-cell IC by means of the ZF and MMSE scheme were carried out for both the EU and JP deployment scenarios, and for both isolated cell and dense deployment interference environments. The simulation parameters are summarized in Table 2 . It should be mentioned that the array with 8 × 16 antenna elements was chosen for our simulations in order to satisfy the technology requirements which allow the transmission in MMWave band with EIRP < 43dBm. The simulations comparisons on intra-cell IC with means of ZF and MMSE scheme were carried out for both EU and JP deployment scenarios and for both interference environments: isolated cell and dense deployment. The simulation results are summarized in Fig. 4 . The BER performance of the detection depended largely on the angular interval of the users. Accordingly, Fig. 5 compares the performance of the system consisting of users with same incidence angle interval of 5 • . The BER performance of multiuser convention beamforming with IC was about some gain over multiuser conventional beamforming with ZF and MMSE and the algorithm in [19] . This BER performance was closer to the BER performance of single user convention beamforming. Based on the analysis of the BER curves, we concluded that the use of the ZF and MMSE techniques for intra-cell multi stream IC can move the regions of possible throughputs to higher values, and provided some gain in both the EU and JP scenarios.
From this Fig. 4 and Fig.5 , one can see that the BER performances of multiusers depended largely on the interference. On the other hand, the advantage of the proposed scheme over conventional beamforming was remarkable. The distribution comparisons of IC with ZF and MMSE schemes were carried out for both the EU and JP deployment scenarios with an angular interval of 15 • , as shown in Fig. 6 and Fig.7 . These simulation results were similar to the results from the simulation of BER performance for the proposed detection approaches, where the BER performance of multiuser convention beamforming with IC had SNR gain over multiuser convention beamforming with ZF and MMSE. From this Fig. 7 , one can see that the BER performances of multiusers depended largely on the effect of angular separation. The smaller the angle, the greater the system gain obtained by the proposed scheme. The distribution functions of UE throughput for each evaluated scenario are summarized in Figure 8 . As we can see, the curve corresponding to this approach plus IC almost matched the curve corresponding to ZF. This result implied that implementation of the IC scheme allowed compensation for the performance degradation due to the inter-sector interference. This technique led to some throughput gain of IC over ZF with the EU and JP deployment. 9 shows the distribution of throughput per UE in the network for the proposed algorithm and for MMSE as applied to scenarios with different interference environments. As can been seen, the proposed algorithm outperformed MMSE significantly for every scenario shown. In particular, the proposed algorithm provided some throughput gain over throughput provided by MMSE deployment in EU and JP. To demonstrate the potential of a hybrid HetNets configuration, we compared the throughput of a point-to-point wireless link for systems operating in the V-band, in the E-band, and in both the V-band and E-band simultaneously. Our numerical results, presented in Fig. 10 and Fig.11 , demonstrated the advantage of hybrid HetNets compared to HetNets operating in either the V-band or E-band. Fig. 10 and Fig.11 show that as the link distance increased, the throughput of an ''E-band system'' was significantly higher than that of a V-band system because of a lower channel attenuation factor and higher maximum regulated transmission power. Fig. 10 and Fig.11 also show that when taking the effect of interference into account, as the network density increased, a V-band wireless system could outperform its E-band counterpart.
These findings can be attributed to higher attenuation in the V-band, which reduced the overall inter-user interference in the network. Based on the results shown in Fig. 10 and Fig.11 , VOLUME 6, 2018 we can conclude that HetNets that are able to take advantage of either the V-band or E-band can support wireless links over longer distances while reducing interference in densely deployed networks. Moreover, we observed that the overall performance of a wireless network can be further improved if the transceivers used in the hybrid HetNets can transmit information simultaneously with IC.
V. CONCLUSIONS
In this paper, we applied ZF and MMSE matrix decorrelating operations and IC for a multiuser MU-MIMO system. We proposed a new scheme that combined decorrelation and IC techniques that could suppress the MAI effectively while achieving near-optimum BER performance for an MMwave small cells system. In order to reduce the impact of interference in HetNets, and to utilize the available spectrum in the MMwave band more effectively, we proposed decorrelating and applying IC operations using a hybrid HetNets paradigm.
We employed hybrid MMwave-based HetNets systems while reducing interference, using the characteristics of the V-band and E-band. The simulation results demonstrated that the proposed scheme worked well and provided better BER performance than the HetNets that operated in either the V-band or E-band with multiuser conventional beamforming. The importance of this research is that it provides an efficient solution for suppressing MAI and improving the throughput in hybrid HetNets. 
